Abstract Scratch resistant sol-gel metal oxide coatings typically require a thermal post-treatment step (curing process) at temperatures between 400 and 700°C. In this report, we demonstrate that the in situ generation of amines within sol-gel films facilitates the preparation of scratch resistant metal oxide coatings at a curing temperature of 250°C. A selected series of carbamates was added to sol-gel formulations and included in the resulting xerogel films. During the curing process, the carbamates decomposed to liberate primary amines. These catalysed the curing process, finally leading to scratch resistant metal oxide coatings at low cure temperature.
Introduction
Sol-gel metal-oxide coatings are mechanically instable and highly scratch sensitive without a thermal post-condensation treatment [1] [2] [3] [4] [5] [6] . To obtain mechanically robust, scratch resistant thin films for a broad spectrum of modern applications ranging from protective coatings to coatings for (micro-)electronics [7] [8] [9] [10] [11] [12] [13] [14] it is necessary to achieve a high cross-link density in the oxidic network. Typically, this is achieved by a thermal treatment, the so-called curing process, in the temperature range between 400 and 700°C. In addition to high energy costs, special equipment requirements and long furnace cycles, this cure process at high temperatures causes limitations to the applicable substrates. Temperature sensitive substrates such as polymer films cannot be applied. Moreover, it is obvious that organic molecules or biocomponents implemented in the sol-gel coating (e.g. organic hydrophobisation agents, dyes) will decompose under these high temperature conditions. A variety of routes have been described to produce sol-gel coatings with an acceptable scratch resistance at curing temperatures below 400°C. Examples of such routes are addition of water vapour and/or ammonia during the curing process [15] [16] [17] [18] [19] , ion beam treatment [20] , vacuum ultra-violet irradiation [21] and microwave irradiation [22, 23] . For all these routes, however, specific and often expensive equipment is required which is an obstacle for commercial application.
The synthesis of stable oxidic materials via solution-solgel (SSG) processes [1] [2] [3] [4] [5] [6] by employing molecular precursors-typically metal alkoxides-can basically be described as follows: First the (partial) hydrolysis of the sol-gel precursor(s) yields M(OR) n-m OH m and MO x (OR) y-z OH z species. Those hydroxides partially condensate and form the sol. The subsequent gelation of the sol results from further hydrolysis and condensation. These coupled equilibrium reactions are highly complex since they proceed in a simultaneous manner and involve many reactive chemical species. After application to a substrate using for example spin or dip coating, the solvent(s) and volatile by-products are removed and a xerogel coating is formed. To convert this porous and mechanically instable xerogel into a dense and scratch resistant oxidic film a thermal treatment is needed. During this curing process which typically takes place at a temperature between 400 and 700°C, the post-condensation takes place. In this process the degree of M-O-M bonds is further increased by continuous polymerisation. Finally, a dense mechanically robust and scratch resistant metal oxide coating is formed [24] [25] [26] [27] .
It is well known that acids, bases and nucleophiles can catalyse the described hydrolysis and condensation reactions in sol-gel systems [1-6, 24-26, 28, 29] . Bases like ammonia and organic amines have been found to catalyse the post-condensation of sol-gel systems [15] [16] [17] [18] [19] [30] [31] [32] . Thereby reduced curing temperatures have already been realised. However, the direct addition of any of those active catalysts leads to an immediate destabilisation and gradual gelation of SSG formulations. This reduces their lifetime and/or makes them unfeasible or incompatible for further handling and processing.
The concept of applying catalysts in this process-especially bases-exclusively during the curing step has been reported [15] [16] [17] [18] [19] [30] [31] [32] . In this process gaseous compounds were purged into the curing oven to accelerate the curing procedure and increase the degree of cross-linking in the film which resulted in an improvement of the scratch resistance of the coatings [33] [34] [35] [36] . Nevertheless, the implementation of this concept is far from practicable for industrial processes. Addition of such compounds during the curing process requires specific and expensive equipment and can be a safety hazard providing a hurdle for commercial use.
A more advanced and versatile approach is to liberate an active catalyst from a catalytically inactive organic precursor (denoted as pre-catalyst) during the curing step by exposure to an external stimulus. Therefore, the catalyst has to be masked with a covalent protection group, which can be removed by stimulation (e.g. photochemical or thermal). The organic precursor has to be soluble or dispersable in the sol. Suitable protected nucleophilic base catalysts for this purpose are carbamates of type 1-i.e. Ncarbamates of secondary and tertiary alcohols. In a variety of previous studies, it has been demonstrated that they decompose and liberate amines 2 upon photochemical [37] and/or thermal activation [38] [39] [40] [41] [42] (Scheme 1).
Recently, Buskens and co-workers filed a patent on this novel concept of sol-gel catalysis [43] . Herein it was demonstrated that thermogenerated amines from selected classes of carbamates are able to catalyse post-condensation processes during the thermal curing of oxidic sol-gel coatings. Hence, mechanically robust and scratch resistant oxidic sol-gel coatings were produced at relatively low curing temperature (up to 250°C).
In this report the application of a broad spectrum of amines generated by the decomposition of selected classes of carbamates is evaluated in three different sol-gel coatings: a silica coating, a silica/alumina mixed coating system and a titania coating. The coatings are cured using an oven cycle with a maximum temperature of 250°C. The scratch resistance of the resulting coatings was analysed and trends are discussed. In addition, a simple and modular 2-step synthesis strategy to obtain the desired carbamates in good yields (up to 90 %) is reported.
Experimental

General
All chemicals were purchased from commercial sources and used without further purification if not stated otherwise. The organic solvents were freshly distilled prior to use. NMR spectra were recorded on a Brucker DPX-300 spectrometer ( 1 H: 300 MHz, 13 C: 75 MHz). Differential scanning calorimetry (DSC) measurements were performed on a DSC-50 Shimadzu (N 2 atmosphere). Mass spectra (MS) of pure substances were obtained by using a Finnigan MAT 95 spectrometer (EI, 70 eV). IR spectra were recorded on a Nicolet Avatar 380 FT-IR spectrometer (KBr pellet). The scratch resistance of the thin films on float glass samples was analysed with an Erichsen Pencil Model 318. The coating thickness was optically determined with a Filmetrics F20.
Synthesis of pre-catalysts
The N-substituted carbamates 5a-f and 6a-f which are used as pre-catalysts are synthesised via a 1,2-addition of the tertiary alcohols 3a and 3b to the corresponding isocyanates 4a-f (see Scheme 2) [37, 44, 45] . 7 Is prepared in an analogous manner by the 1,2-addition of phenol to 4b.
Stoichiometric amounts of the alcohol and the isocyanate are dissolved in dry diethyl ether under argon atmosphere. After the addition of a catalyst-either dibutyltin dilaureate or elemental lithium-the reaction mixtures are brought to reflux for up to 70 h. After removing all volatiles and purifying the crude products via flash column chromatography, the carbamates 5a-f, 6a-f, and 7 are obtained in yields of up to 90 %. In the supplementary information (ESI) a more detailed description of the syntheses and the corresponding analytic data are provided. The used tertiary alcohols 3a [46] and 3b [47] are synthesised according to literature (for analytic data, see Electronic supplementary material).
Preparation of SSG formulation test systems
The silica formulation is prepared by the addition of 980 g tetraethoxy silane (7.704 mol) to a solution of 3,380 ml of iso-propanol and 900 ml demineralised water. After the addition of 100 g glacial acetic acid (1.665 mol) under vigorous stirring, the formulation is moderately stirred for additional 24 h at room temperature. Afterwards the formed sol is diluted with 3,460 mL iso-propanol and acidified by the addition of 21.5 g concentrated nitric acid.
The titanium dioxide formulation is prepared by mixing 72 g of the alkoxide precursor titanium(IV) iso-propoxylate (345.8 mmol) and 15 g glacial acetic acid (249.8 mol) for 15 min. After the addition of 1850 mL iso-propanol and stirring for additional 15 min the final titanium dioxide sol is obtained.
For the preparation of the binary silica-alumina test system 17.11 g tetraethoxy silane (82.1 mmol) are dissolved in 19.9 mL iso-propanol at 0°C and 1.76 g 0.1 molar aqueous para-toluenesulfonic acid (PTSA) are added. After stirring 0.5 h at 0°C an additional batch PTSA (1.76 g, 0.1 molar aqueous solution) is added. The resulting mixture is stirred at 0°C for an additional hour. During this time, a separate solution of 1.59 mL iso-propanol, 1.94 mL ethylacetoacetate and 3.72 g aluminium tri-sec-butylate (15.1 mmol) is prepared by stirring and cooled down to 0°C. Afterwards both solution are slowly mixed (5 min, 0°C), 2.36 g 0.1 M aq. PTSA and 175 mL iso-propanol are added to obtain the final SiO 2 /Al 2 O 3 sol.
To minimise effects of ageing of the sol on the experimental results the formulations were prepared on the day of use or at most 1 day prior to use.
Preparation of thin oxide films on glass substrates
The float glass substrates (8 9 10 cm 2 , Guardian Float Glass-Extra Clear Plus) are cleaned with an aqueous wash solution and flushed with demineralised water. Afterwards, the glass samples are mounted edgewise and dried under clean room conditions (ISO class 7) at room temperature.
The float glass pieces were dip coated with the previously prepared SSG formulations (withdrawal speed = 0.33 cm s -1 ) with and without 0.4 mol % (calculated on the metal content) of pre-organocatalyst (5a-f, 6a-f, and 7). After drying under ambient conditions the samples were cured in a standard lab furnace applying following cure cycle: 0.5 h at 100°C, 0.5 h at 150°C and finally 3 h at 250°C under humid conditions.
The scratch resistance of the resulting oxide coatings is determined by scratch tests with an Erichsen Pencil Model 318 [48] (scratch length: 0.5-1 cm, scratch velocity: 1 cm s -1 , scratch force: 0-20 N). The scratch force, which is at least needed to make a scratch through the coating onto the glass surface, is noted in Newton (N). In all cases, three clean glass samples were coated with the same formulation according to the procedure described above. The coatings were cured using the curing program as described above. 24 Hours after finishing the curing program, the scratch resistance of the coatings was determined on three different positions per sample. Ergo, all values for the scratch resistance are average values of nine measurements.
Results and discussion
Thermal generation of primary amines
It is well known that N-substituted carbamates of primary amines and tertiary alcohols can be cleaved under photochemical or thermal conditions yielding free primary amines [37] . The decomposition pathway in the gas phase [49] and in inert solvents [49] [50] [51] [52] (Scheme 3) was previously reported in detail and was confirmed in our study via mass spectroscopy (see Fig. 1 ).
The thermal decomposition of the previously synthesised pure carbamates 5a-f, 6a-f, and 7 as well as the boiling points of the resulting primary amines were investigated by DSC measurements. The decomposition temperatures of the carbamate pre-catalysts (T d ), the boiling temperatures of the resulting amines (T B ) and the dissociation constants (pK A ) of the liberated amines are show in Table 1 .
The results indicate that the molecular cleavage is significantly influenced by R 1 and in general 2-phenyl-propan-2-ol derivatives (5) decompose at lower temperatures than their dimethoxyphenyl analogues (6) . The only exception are the carbamates 5c and 6c with the 4-nitrophenyl group as R 1 . In this case, the decomposition temperature of the dimethoxyphenyl analogon 6c is slightly lower. The observed carbamate cleavage occurred between 144 and 212°C.
Application of thermogenerated amines in thin solgel films
The application of thermogenerated amines was tested on three coating systems: silica (SiO 2 ), titanium dioxide (TiO 2 ) and binary silica-alumina (SiO 2 /Al 2 O 3 ). The precatalysts 5a-f, 6c-f, and 7 were evaluated for their potential to catalyse post-condensation processes by releasing catalytically active amines during the thermal curing procedure. The scratch resistance of the resulting sol-gel coatings with and without (pre-)catalyst was tested using the Erichsen Pencil Model 318. In all cases, three clean glass samples were coated with the same formulation according to the procedure described above. The coatings were cured using the curing program as described above. 24 Hours after finishing the curing program, the scratch resistance of the coatings was determined on three different positions per sample. Ergo, all values for the scratch resistance are average values of nine measurements. To achieve a comprehensive and accurate comparability of all experimental data the relative scratch resistance of the coatings was compared (see Eq. 1). The scratch resistance of the SiO 2 coating (average thickness: 215 nm) was increased by all tested (pre-)catalysts. The scratch resistance was improved by a factor of 1.17 (5c and 7) to 2.33 (5e) (see Fig. 2 ) compared to the silica coating without (pre-)catalyst. The film with the highest scratch resistance was prepared though use of 5e. Here scratch forces of 14 N had to be applied to create a scratch through the coating onto the glass surface. The use of the pre-organocatalysts 5a-f, 6c-f, and 7 in the titanium dioxide coating system showed an impressive improvement of the curing effect. The scratch resistance of the TiO 2 film (average thickness: 320 nm) increased dramatically by the in situ generation of the amines 2a-f. Relative scratch resistance between 3.0 (6c) and 8.8 (5e) was achieved with this method (see Fig. 3 ). The best overall scratch resistance of 19.5 N was observed with 5e.
In case of the SiO 2 /Al 2 O 3 coating, the film without (pre-)catalyst showed already a high scratch resistance (12-14 N) . Nonetheless, it was possible to enhance their scratch resistance by applying 5a-f, 6c-f, and 7 (see Fig. 4 ). The average coating thickness of this binary oxide coating was 160 nm. The highest relative enhancement of scratch resistance was achieved by 5e (factor 1.5). In addition, 5c, 6c, and 6f gave also very promising results: a relative scratch resistance [1.43 and scratch force [20 N were obtained.
Evaluating the results obtained with the silica, titanium dioxide and binary silica-alumina system it seems that 5e is the most promising pre-catalyst tested in this study. This compound with a decomposition temperature of 174°C, generating primary amine 2e with a boiling point of 301°C and a pK A value of 3.92, leads to improvements in scratch resistance of a factor 1.5-8.8.
Another aspect of the application of these thermogenerated primary amines in the post-condensation with a temperature maximum of 250°C is that certain high boiling amines can remain in the coating and can have an effect on the scratch resistance over time. This was demonstrated using all three coating systems comprising the Table 2 .
As demonstrated in Table 2 , there is no significant difference between the scratch resistance of the coatings comprising 2a (generated from 5a) measured after 2 and 65 days, respectively. In case of 2e (generated from 5e), however, there is a significant difference for the silica coating: the scratch resistance increases with 6 N between day 2 and day 65. In the other two coating systems comprising 2e, there is no significant difference between the scratch resistance at day 2 and day 65.
Conclusion
In summary, we have synthesised a series of N-substituted carbamates pre-catalyst (5, 6, and 7) and demonstrated their ability to generate primary amines at a temperature between 144°C and 212°C. The application of these precatalysts and the resulting amines 2a-f in silica, titanium dioxide and mixed alumina/silica sol-gel films to facilitate the curing process at 250°C was evaluated. In these studies, we clearly demonstrated that the amines 2a-f, which are generated in situ in the sol-gel metal oxide film at elevated temperature, significantly improve the scratch resistance in all three coating systems and cause an increase in scratch resistance of the coating up to a factor 8.8. Additionally, we showed that amines with a boiling point above the maximum temperature in the curing process, which are likely to remain in the sol-gel coating, can induce further changes in the scratch resistance over time. Ergo, we have developed a methodology for low-temperature cure of sol-gel metal oxide coatings which is highly effective, easy to scale up and does not require any specific or expensive equipment. The required curing temperature of 250°C is compatible with a broad range of polymer substrates.
